Bed rest is a recognized model for muscle atrophy and bone loss in space flight and in clinical medicine. We hypothesized that whole body vibration in combination with resistive exercise (RVE) would be an effective countermeasure. Twenty healthy male volunteers underwent horizontal bed rest for 56 days and were randomly assigned either to a group that performed RVE 11 times per week or to a group that underwent bed rest only (Ctrl). Bone mineral content (BMC) was assessed by peripheral quantitative computed tomography (pQCT) in the tibia and the radius and by dual x-ray absorptiometry (DXA) in the hip and lumbar spine at baseline and at regular intervals during bed rest and a 12-month follow-up. RVE appeared to protect muscle size and function, and it also prevented bone loss (p-values between b 0.001 and 0.01). Bone losses were largest in the distal tibia epiphysis, where BMC declined from 421.8 mg/mm (SD 51.3) to 406.6 mg/mm (SD 52.7) in Ctrl, but only from 411.1 mg/mm (SD 56.6) to 409.6 mg/mm (SD 66.7) in RVE. Most of the BMC losses were recovered by 12-month follow-up. Analyses showed that the epiphyseal cortex, rather than spongiosa, depicted the most pronounced changes during bed rest and recovery. These results suggest that the combined countermeasure applied in this study is effective to prevent bone losses from the tibia. This underlines the importance of mechanical usage for the maintenance of the human skeleton.
Introduction
Bone loss and osteoporosis are a major concern for health care. One factor causing bone loss is immobilization, as is documented, for example, in spinal cord injury [1, 2] , in stroke [3] , and also during bed rest [4] . Besides its obvious implications for clinical medicine, experimental bed rest is also of interest as a ground based model for simulated microgravity in humans [5] [6] [7] [8] . As such, it lends itself to explore the efficacy of potential countermeasures for the prevention of physical de-conditioning [9, 10] .
While resistive exercise during bed rest has been shown to prevent bed rest-induced muscle atrophy [11] [12] [13] [14] , it seems to be more difficult to combat bed rest-induced bone loss in the same way [15, 16] . The best results have so far been achieved in a study by Shackelford et al. [17] , in which resistive exercise was able to maintain bone mass in the calcaneus and in the lumbar spine during 17 weeks of bed rest. However, there seemed to be still some bone loss at some regions of the hip (e.g., trochanter) and the leg. Thus, the exercise regimen adopted in that study was probably largely but not fully effective to preserve bone strength. Moreover, the above study used dual x-ray absorptiometry (DXA) as endpoint, which does not provide as detailed information regarding the bone geometrical changes induced by bed rest and/or the countermeasure as would be possible by peripheral quantitative computed tomography (pQCT) [18, 19] .
Evidence suggests that bones adapt to mechanical forces [20, 21] . Given that virtually all skeletal muscles work against short levers [22] , the largest habitual forces will arise from muscle contractions, rather than from gravity per se [23] . Accordingly, the body mass is used by the leg muscles to generate mechanical resistance. In conclusion, it seems that a successful exercise countermeasure to preserve bone during bed rest should involve large muscle forces. Vibration exercise has recently received considerable attention, not least for its potential to prevent bone loss or even increase bone mass and strength [24, 25] . We hypothesized that whole body vibration, in combination with resistive exercise, would preserve muscle strength and prevent bone loss during bed rest. In order to test this hypothesis, we organized the Berlin BedRest (BBR) study in which young healthy male people were subjected to strict horizontal bed rest for 56 days. As a secondary hypothesis of this study we expected any losses incurring during the bed rest phase to be recovered within 1 year of follow-up.
Past studies have shown that bed rest-induced bone losses continue after reambulation [26] [27] [28] [29] . Unfortunately, there are currently only few measurements available with long intervals in between them, which do not allow for an accurate assessment of this post-reambulation bone loss. We therefore decided to incorporate such measurements in the BBR study. In addition, recent studies of the bone losses induced by unilateral limb suspension and by experimental bed rest have shown that these losses occur predominantly from the cortical portion of the bone [26, 28] . We were therefore specifically interested to see whether the proposed countermeasure would preserve the cortical portion of the distal tibia epiphysis.
Materials and methods

Study design
The BBR study was designed as a randomized controlled trial. It received approval from the Ethics Committee of the Charité-Campus Benjamin Franklin and is therefore compliant with the Declaration of Helsinki. The modalities of the study have been published elsewhere [30, 31] . In brief, 20 young healthy male participants aged 20 to 45, devoid of any musculoskeletal, mental, or blood clotting disorder, were recruited and randomly assigned to a group that either performed progressive resistive vibration exercise (RVE) or served as control participants (Ctrl). Both groups underwent 8 weeks of strict horizontal bed rest, with 3 days of baseline data collection before, and 14 days of post-reambulation data collection after the bed rest. During this entire period, diet was controlled using the Harris-Benedict [32] equation with an adjustment factor of 1.2 for bed rest [30] . Compliance with the protocol was ascertained by video cameras. No heparin was administered. Fourteen days after reambulation, participants were discharged from the hospital, but were followed up at regular intervals for 1 year.
The duration of the bed rest phase was set to 56 days, based upon our data from the long-term bed rest (LTBR) study [16] . In that study, bone losses after 56 days of bed rest predicted the losses after 90 days very well, with an R 2 value of 0.98. Statistical power considerations were made under the assumption that α = 0.05 and 1 − β = 0.8 and with the hypothesis that resistive exercise with vibration would be fully effective to counteract bone loss from the distal tibia epiphysis (=primary outcome). Assuming an average loss of 1.4% after 56 days of bed rest in the control group (SD 1.8%) as found in the LTBR study [16] , and expecting SD = 0.4% for the intervention group (as an upper limit for repeated pQCT measurements of tibial epiphyseal bone mineral content in our lab), a sample size of 10 per group was found to be sufficient in order to address our main hypothesis.
Participants
Twenty participants were recruited who matched the inclusion criteria. All 20 participants completed the bed rest phase of the study, but 1 participant from the Ctrl group missed the 6-month and 1-year follow-up visits, and 1 participant from the RVE group missed the 3-month and 1-year follow-up visits. Participant characteristics at baseline are given in Table 1 , including anthropometric and osteodensitometric measures at baseline. None of these measures yielded a group difference.
Training
The RVE group exercised twice daily, except for Wednesday afternoons and Sundays, which were free of training. RVE was performed on a device that applies vibration in a side-alternating way, i.e., whilst the left leg is shortening, the right leg is lengthening, and vice versa. This side-alternating way of vibration leads to greater shock absorption in the legs than side-synchronous application [33] and is therefore usually better tolerated. The device has been specifically developed for this study (Galileo Space, Novotec Medical, Pforzheim, Germany), and its details have been described elsewhere [30, 31] . It consists of a platform that is suspended from a trolley to which participants attach themselves in supine position by means of shoulder, hip, and hand belts (see Fig. 1 ). Elastic springs generate a Values are given as means and their SD (in brackets). n = 10. Data for the calf, forearm, and hip from both sides were taken. Fig. 1 . Illustration of the Galileo Space training device (Novotec Medical, Pforzheim, Germany) used in this study. The device consists of a teetering platform suspended from a trolley, to which the participant is attached via belts and elastic springs in order to replace Earth's gravity. Platform vibration is generated by eccentric rotation of masses.
resting force that imitates static gravitational acceleration, on top of which an oscillating force is added by means of eccentric mass rotation under the teetering foot-board. Notably, the oscillating forces increase with up to the square of the vibration frequency [30] , and vibration frequency was thus used as the main parameter of exercise progression during this study. During each training session, four different types of dynamic exercise were carried out, namely (a) squatting exercise, targeting the thigh muscles, (b) heel raises, targeting the calf muscles, (c) toe raises, targeting the shin muscles, and (d) 10 kicks, i.e., explosive squats with 10-s rest insertion. The latter exercise was included into the training protocol based on the rationale that animal studies suggest that even submaximal osteogenic mechanical stimuli can elicit maximal bone responses if combined with 10-s rest insertion [34] . Exercises (a) to (c) were performed rhythmically at a repetition rate of 1 in 6 s. During morning sessions, the resting force was set to twice the body weight by adjustment of elastic springs. Exercise progression was by increase in vibration frequency, starting at 19 Hz and ending at up to 30 Hz, depending on the individual capability. Vibration frequency was increased in steps of 1 Hz as and when participants tolerated the exercise for more than 100 s, thus controlling exercise progression. During morning sessions, participants went through exercises (a) to (d) once, with up to 5 min for recovery between each of the exercises. In the afternoon sessions, the resting force was set to 1.4 times body weight, and subjects went through exercises (a) to (d) continuously until exhaustion, which was achieved within 5 to 10 minutes. All exercise sessions were supervised. This regimen was demanding and occasionally caused leg pain during the bed rest phase, but was overall well tolerated [30] . We obtained the pQCT scans from both arms and legs with an XCT2000 (Stratec Medizintechnik, Pforzheim, Germany) as described before [16, 35] . In brief, scout-views were generated in the frontal plane to identify the distal tibia's joint surface to position the reference line. Next, sectional images were obtained from the tibia at 4% (distal epiphysis), 14% (metaphysis), 38%, and 66% (diaphysis) of its length. Table 2 gives an overview of the anatomical characteristics of the tibia at these sites. In the same way, sectional images were obtained from radius at 4% and 60% of the ulna's length. The scans taken at 66% of the tibia length and at 60% of the ulna length were also used for the assessment of the gross anatomical muscle cross sectional area (CSA). On the occasion of each pQCT scan, hand grip strength was measured at both hands using a TKK 5101 grip strength dynamometer (Takei Ltd., Tokyo, Japan).
Measurements
Bone mineral content (BMC in g) of the lumbar spine (L1-L4 in anteroposterior projection) and the proximal femur (total and subregions in both sides) were measured using dual x-ray absorptiometry (DXA) with a Delphi W scanner (Hologic, Waltham, MA). Measurement and analysis (software version 11.2:7) were performed according to the manufacturer's standard protocol. DXA measurements were not undertaken on day R+14.
All measurements were taken in horizontal position, and participants did not stand on their feet at any time of the bed rest phase.
Data processing and statistical analysis
The pQCT images were analyzed with the integrated XCT 2000 software (version 5.50 D), using the 'loop facility' to produce spreadsheets with the endpoint data, which were then further processed with Microsoft Access (2002). The total bone mineral Table 2 Overview of the measurement sites in the tibia.
Measurements were taken at 4%, 14%, 38%, and 66% of the tibia's length from its distal end. As can be seen, the total bone mineral content (BMC) and polar moment of resistance (RPol) are smallest at the metaphyseal site and largest in the diaphysis. Whilst the epiphysis is mainly composed of trabecular bone (approximately 75%), the diaphysis is composed almost exclusively of cortical bone. n = 10 participants, with data being from both sides. a Significant group differences at baseline with p b 0.01. b Significant group differences at baseline with p b 0.05.
content (BMC) of the tibia and the radius was determined using detection thresholds of 180 mg/cm 3 for the epiphysis and of 710 mg/ cm 3 for metaphysis and diaphysis. In order to attribute bone losses to either the cortical or the trabecular compartment, the cortical BMC was assessed with a threshold of 710 mg/cm 3 at the diphyseal and metaphyseal sites and 480 mg/cm 3 at the epiphysis. This way, all pixels within the detected bone contour and with an above-threshold density were assessed as cortical bone. The combined trabecular and marrow BMC was then computed as follows:
Cortical BMD (crtBMD) values were assessed with adjustment for the partial volume effect as previously described [36] . For the diaphyseal sites, the polar moment of resistance (RPol) after adjustment of an 'ideal' cortical BMD of 1200 mg/cm 3 was assessed as the 'RP_CM_W'
value from the 'loop' database (this variable is also referred to as the 'strength strain index' or SSI by some authors). Calf and forearm muscle CSA were assessed by the automatic algorithm included in the XCT software package according to the manufacturer's recommendations, applying a detection threshold of 45 mg/cm 3 . Missing data (for missed visits on day R+90, n = 1) were reconstructed by linear interpolation from adjacent available data points. Two participants could not be tested on day R+360, and those data sets were treated as missing data. None of the non-attendances were for reasons related to the study. As expected, there was no significant change in the bone measurements obtained on days BDC and BR.2 (p N 0.8). Hence, these data were used to assess the shortterm error Err ST , in percent, as follows:
where − X P,BDC is the mean value of variable × for participant P in both baseline measurements, X P,BDC-7 is the value for participant P on day BDC-7, and N is the total number of participants. Err ST is an approximation of the root-mean-square coefficient of variation (CV RMS ), which cannot be computed here because only two baseline measurements are available per participant. The results for Err ST are given in Table 3 .
One of the aims of the BBR study was to assess the time course of neuromuscular adaptations to bed rest. To this purpose, knee extensor function of the right leg was repeatedly re-assessed with a neuromuscular test battery during the bed rest phase on days 4, 7, 10, 17, 24, 38, and 56 [37] . As the left leg underwent no functional testing during this time frame, we felt that it was necessary to consider side differences (i.e., right vs. left leg) in the statistical analyses of the primary outcome for this study. Hence, group differences were assessed between baseline and R+14, applying a repeated measures ANOVA model, using 'time' and 'side' (left vs. right) as within-subjects factor. BDC-values and 'group' were entered as covariates. Significant effects were followed up by simple contrasts. Efficacy of the countermeasure to prevent muscle atrophy and bone loss was assessed with a paired-samples t-test.
The time course of the post-reambulation bone loss was assessed from the five BMC values obtained between days BR.55 and R+90. For each individual, values were normalized by the maximal bone loss (as the difference in BMC from baseline) observed within this period. For this analysis, only a subgroup of data sets from the Ctrl group was included, namely those with substantial losses, exceeding 2 mg/mm for the epiphyseal, metaphyseal, and 38% diaphyseal sites and 3 mg/ mm for the 66% diaphyseal site. These cut-off values correspond to the values for the least effective change for in-vivo measurements by pQCT in our hands [16, 35] . Out of the 20 datasets (one for either side in each of the 10 control participants), 20, 12, 14, and 14 datasets were used for the 4%, 14%, 38%, and 66% tibia sites, respectively. The completeness of recovery at the end of the 1-year follow-up was tested with a paired-samples t-test.
In order to assess the temporal relationship between changes in muscle cross section and in bone mineral content, cross-correlation analysis was applied. To that end, all data were re-sampled by linear interpolation between BR.3 and R+168, so as to obtain data sampled at regular intervals of 14 days. Pearson's correlation coefficients were assessed with varying positive and negative time lags between both time series for each individual, which were then averaged across people per group and time lag.
Significance levels were adjusted for multiple comparisons by Bonferroni's method. For all statistical tests, significance was assumed for p b 0.05. Statistical analyses were performed with SPSS for Mac (version 11.0.4 of 18 Aug 2005).
Results
Muscle changes
For calf muscle CSA, significant interactions between time and CSA at baseline were found (p = 0.003), suggesting that muscle losses were in proportion to muscle size at baseline. Moreover, a time ⁎ -group interaction was found (p b 0.001, see Fig. 2 ), suggesting changes over time were different between groups. Calf muscle CSA was significantly reduced at the end of bed rest (p b 0.001, see Table 4 ). Despite a significant group difference, there was still a significant reduction in calf muscle CSA in the RVE group (p b 0.001, see Table 4 ). No side effect (right/left) was found (p N 0.2), indicating that the neuromuscular test battery had no effect upon calf muscle CSA. Intriguingly, the reduction in calf muscle CSA was reverted into a small but significant gain after 12-month recovery in the Ctrl group (p = 0.004), but not in the RVE group.
Data on leg muscle function have been published elsewhere. In brief, whilst the Ctrl group lost approximately 20% of their isometric knee extension and plantar flexion strength, there was no such loss observed in the RVE group [37, 38] . In agreement with the changes observed in calf muscle size reported here, knee extensor CSA also declined for both groups, namely from 82. 5 ) for RVE [37] . Whereas no changes in knee extensor strength emerged during the 12-moth follow-up in the RVE group, recovery in the Ctrl participants was achieved somewhere between 14 and 28 days after reambulation. Interestingly, a tendency towards enhanced muscle strength (∼ 7%) was observed from R+90 onward (t-test p-values were 0.058, 0.093, and 0.073 for R+90, R+180, and R+360, respectively). No such observations were, however, seen in the RVE group. 1.01% --
The short-term error, Err ST , was computed for the bone parameters as given in Eq. (2) and is similar to the coefficient of variation. n = 10. Data are from both sides. Generally, total BMC measurements at the tibia by pQCT yielded very good reproducibility that was in the same order of magnitude as repeated measurements of the standard phantom for the XCT [28] . Reproducibility was considerably poorer for DXA measurements, and also for the segregation of cortical and trabecular portions from the pQCT images.
Tibia changes
Total bone mineral content Except for the 38% diaphysis, significant group ⁎ time interaction effects were found in all tibia sites, with p-values ranging between b 0.001 (epiphysis and metaphysis) and 0.01 (66% diaphysis, see Fig.  2 ). Importantly, there was no interaction observed between baseline values and time (p N 0.30 in all cases), implying that bone losses were independent of the initial bone mineral content at baseline.
Losses were significant on day R+14 at all measured sites in the Ctrl group (p = 0.008 for the 38% diaphyseal site and p b 0.001 for all other sites, see Table 5 ), and they were largest in the epiphysis where they amounted to −2.3% (SD 2.3%) on day BR.55 and −3.6% (SD 1.9%) on day R+14 in the Ctrl group. By contrast, no significant change was observed in the RVE group, although it should be noticed that the small reduction observed at the tibia epiphysis yielded a p-value of 0.06 and hence just failed to reach statistical significance.
At 12-month follow-up losses were still significant in the Ctrl group at the distal tibia epiphysis (p = 0.002), but not at any other site (p N 0.2), implying full recovery for the metaphyseal and diaphyseal sites, but not for the epiphysis. Quite surprisingly, there were small gains in BMC observed in the RVE group at the 38% and 66% diaphyseal sites at this time (p = 0.034 and p = 0.046, respectively, see Table 5 ).
No change was found in RPol throughout the study.
Post-reambulation bone loss (total BMC) Fig. 3 shows the time course of bone loss in the Ctrl group during early recovery from days BR.55 to R+90. Essentially, the time course of this post-reambulation bone loss was similar in all sites and individuals studied, with bone mass starting to recover only after a trough somewhere between 14 and 28 days after reambulation. Apparently, post-reambulation bone losses were relatively more pronounced in the diaphyseal regions, where they amounted to approximately 80% of the overall loss. Values for the calf (at 66% of the tibia length from its distal end) and for the forearm (at 60% of the ulna length from the distal radius end) muscle cross sectional area (CSA) are given as means and their SD (in brackets). Data from both sides were taken for analysis. n is the number of participants. P-values denote significance of changes from baseline data collection (BDC). In both groups, there was a significant loss in calf muscle CSA at the end of bed rest (BR.55), which was reversed to a small but significant gain in the control (Ctrl) group on day R+360, but not in the exercise group (RVE).
Bone loss distribution
When analyzing the distribution of bone losses within the tibia epiphysis, it appeared that both BMC and area remained unchanged in the RVE group (see Fig. 4 ). However, the Ctrl group depicted significant time effects for cortical and trabecular BMC (p b 0.001 and p = 0.032, respectively) as well as for cortical and trabecular area (p b 0.001 and p = 0.035, respectively). As can bee seen from Fig. 4 , trabecular area increased and cortical area decreased in the Ctrl group from day BR.17 onwards, with both of these changes matching each other. Similarly, cortical BMC started to decline on day BR.17 in the Ctrl group, but there was very little or no change occurring in the trabecular BMC during the bed rest phase itself. However, when looking at the time course of trabecular BMC in the Ctrl group between days BR.55 and R+4, one can observe a one-time drop, with virtually no change before and after this time point. Hence, virtually all of the trabecular bone losses incurred seem to have occurred during theses very first days after reambulation. Interestingly, during 12 months of follow-up the cortical BMC losses were fully recovered in this group, whereas trabecular losses were not.
Changes in the diaphyseal and metaphyseal regions were less pronounced. There was no time ⁎ group effect in cortical area, and a significant (p = 0.004) but small (b0.5 mm 2 ) effect for the combined trabecular and marrow area at the metaphysis, but not at the diaphysis. There were, however, significant time ⁎ group effects for cortical BMC and cortical BMD at the metaphysis and at the diaphysis (except for cortical density at the metaphysis, where p = 0.07). These effects are exemplified in Fig. 5 for the 66% diaphyseal site. Apparently there was very little or no change in the RVE group. By contrast, cortical BMC in the Ctrl group tended to continuously decrease during the bed rest and until 4 weeks thereafter, and to return to baseline values by 12-month follow-up. There tended to be an increase in cortical BMD during bed rest in both groups. By contrast, cortical BMD decreased markedly after reambulation by approximately 5 mg/cm 3 in the Ctrl group, and this abrupt drop did not recover within the 12-month follow-up. This lack in recovery of cortical BMD, however, was not significant and it seemed to be specific to the 66% diaphyseal sites (see Table 6 ).
Temporal comparison of muscle and bone changes
For all measurement sites, changes in calf muscle cross sectional area were preceding changes in tibia bone mineral content by approximately 14 days. This was the case both in the RVE as well as in the control group, as exemplified in Fig. 6 .
Hip and lumbar spine changes
No significant time or time ⁎ group interaction was observed for lumbar spine BMC (p N 0.5). However, when carefully inspecting the percent changes over time in Fig. 6 , there seemed to be a very abrupt loss between BDC and the second day of bed rest by some 2% that was constantly maintained throughout the bed rest. Strikingly, all or most of this loss was readily recovered between day BR.55 and R+14.
Likewise, no significant effects were found for total hip BMC. Visual inspection of the error bars on day BR.01 in Fig. 6 , however, along with the Table 3, suggested that the lack of significance is due to considerable measurement variation. In the lower panel of Fig. 3 , bone losses appear to be smaller for the RVE as compared to the Ctrl group, but also smaller for the right than for the left hip in either group. As a surprising finding, total hip BMC in the RVE group was elevated above baseline levels at 12-month follow-up (see Table 7 ).
Forearm
Neither were there any changes observed in forearm muscle CSA or grip strength throughout bed rest or the follow-up, nor was there any group effect. Similarly, we found no change in BMC of the distal radius epiphysis (see Table 5 ). ANOVA picked up a time effect (p = 0.011) for BMC at the 60% site of the radius, which, however, seemed to be specifically related to two unduly variant R+4 measurements, and which was therefore not further considered. BMC values at baseline (BDC), on the 14th day of recovery, and at 12-month follow-up (R+360), given as means and their SD in brackets. Data are from both sides. n is the number of participants. P-values denote significance of changes from baseline. Whilst significant losses occurred between BDC and R+14 in the tibia in the control group (Ctrl), no such change was found in the RVE group. Fig. 3 . Modeling bone losses that incurred after reambulation. Data from both sides have been lumped together. For each participant and tibia site, the largest loss from baseline was assumed to be 100%. It appears that post-reambulation losses were particularly pronounced in the two diaphyseal sites.
Discussion
The results of this study demonstrate that a combined training regimen, involving side-alternating whole body vibration, resistive elements, and explosive squats with rest insertion, is able to prevent bone losses from the tibia during 56 days of bed rest. There was still a decline in calf muscle cross section in the training group. However, this is unlikely to be due to true muscle atrophy, as calf muscle force generation appeared to be completely preserved in the training group [38] . Very likely, therefore, the observed loss in calf muscle cross section was an effect of anti-orthostatic fluid shifts [39] . Hence, our data suggest good efficacy of the combined countermeasure for muscle and bone.
The bone losses observed in the control group were highly significant, although comparatively small. When comparing them to results from the LTBR study [16] , where the total BMC loss in the distal tibia epiphysis was 5.2% (SD 4.5%) after 89 days, it seemed that the loss by 2.3% (SD 2.3%) after 55 days of bed was relative small. Several factors could account for that seeming difference across the two studies, such as the fact that the LTBR study was in −6°head down tilt, whereas the current study involved horizontal bed rest. However, it should be kept in mind that bone losses depict enormous interindividual differences [16] , and that for example the small subgroup (n = 3) of the LTBR study used for our sample size estimation (see above) depicted a loss of only 1.4% on day BR.56. A final judgment of possible systematic differences between studies is therefore impossible.
In a previous study, Shackelford et al. [17] have reported prevention of bone loss by progressive resistive exercise, whereas calf muscle strength was actually increased by 50% in the training group. Conversely, the flywheel training applied in the LTBR study failed to maintain calf muscle force [13, 40] and was ineffective to prevent bone losses [15, 16] . Taken together, and in consideration of the observation that losses in calf muscle cross section were generally preceding changes in bone mineral content (Fig. 6) , our results suggest that maintenance of muscle force is a prerequisite for the maintenance of bone mass in bed rest. In a broader sense, therefore, results from bed rest studies support the idea of musculature being an important determinant of bone strength [35, [41] [42] [43] [44] . These results constitute an important milestone on the way to develop effective countermeasures for long-term space missions. Moreover, they have implications for clinical medicine in that they show that physical interventions can, in principle, prevent bone losses and thus potentially help to mitigate the risk of fractures in cases of immobilization, such as stroke or spinal cord injury.
Post-reambulation bone loss
In addition to its principle result, this study has also provided new insights into the intricacies of immobilization-induced bone loss and its recovery. As previously observed after bed rest with −6°head down tilt [16] , after horizontal bed rest [28] , and after unilateral lower limb suspension [26] , bone loss in the tibia continued after reambulation also in this study (see Figs. 2 and 3) . As all of the former studies provided only one pQCT measurement within the first weeks of recovery, the time course of this post-reambulation bone loss was unknown. The data presented here show clearly that post-reambulation bone loss is a rather steady process, with the trough occurring approximately 20 days after reambulation in all sites investigated. Moreover, post-reambulation bone loss constituted a considerable portion of the overall bone loss, amounting to 80% for diaphyseal losses and to approximately 40% of epiphyseal and metaphyseal losses (Fig. 3 ) in this 56 days of bed rest study. It has to be considered that, whilst all 20 datasets could be used for the tibia epiphysis, the analysis in Fig. 3 is based on a subset of 12-14 datasets only for the metaphyseal and diaphyseal sites. Given that the time course was very similar among all participants tested, however, we are confident that the observed post-reambulatory bone loss with a trough around 20 days constitutes a general phenomenon.
The cause of this post-reambulation bone loss is unknown. First of all, according to the 'muscle-bone hypothesis' bones will adapt to forces generated by the musculature, and it has been suggested that 'minimal effective strains' induce bone loss by remodeling or bone gain by modeling [45, 46] . In this study, the time course of recovery between muscle and bone tissue diverges. As can be seen from the lower panel in Fig. 2 , muscle atrophy in the Ctrl group (and also isometric force, not shown here) recovered largely within 14-28 days after reambulation. At this time, bone losses were still on-going or just stopping, making the 'muscle-bone' hypothesis a somewhat unlikely explanation for the observed phenomenon.
A second possible explanation considers transitional effects in bone adaptive processes. Bones are thought to continuously adapt to their mechanical requirements [47] . Hence, un-loading should lead to suboptimal mechanical properties, and re-loading must be expected to enhance the risk of bone microdamage [48] . The latter will cause targeted remodeling [49, 50] and thus temporary bone losses [46, 51] . Bearing in mind the time that the homing of osteoclast precursors and the activation of osteclasts requires [52] , one would expect a 'boost' of Values are given at baseline (BDC), on the 14th day of recovery, and at 12-month follow-up (R+360) as means and their SD in brackets. Data are from both sides, and n is the number of participants. P-values denote significance of changes from baseline. Whilst significant losses occurred between BDC and R+14 in the tibia in the control group (Ctrl), there was no such change found in the RVE group 3.
bone resorption as a result of increased microdamage rate 1 or 2 weeks after reambulation. Our data may provide some evidence in support of this view. In the Ctrl group, for example, we found a onetime 'drop' in trabecular BMC (lower panel in Fig. 4 ) and in diaphyseal cortical density (lower panel in Fig. 5 ), albeit between days BR.55 and R+4 and thus somewhat early. More convincingly, there was a significant increase in urinary desoxy-pyridinoline excretion (indicating bone resorption) between the 6th and 13th day after reambulation in the LTBR study [29] . On the other hand, such increased bone resorption following reambulation has not been observed in other bed rest studies [53, 54] , and also not in this study [31] , although biochemical markers of bone metabolism have not been assessed between days R+7 and R+28 in this study, leaving open the possibility of a short boost of bone resorption due to increased microdamage formation early on during recovery from long-term bed rest.
Distribution of bone loss
Tibia epiphyseal bone losses in the Ctrl group were almost exclusively from the cortical portion (lower panel in Fig. 4 ). This is despite the fact that only a small part of the epiphysis is composed of cortical bone (approximately one fourth, see Table 2 ). Given that trabecular bone area increased by the same amount in the Ctrl group as cortical bone area decreased (upper panel in Fig. 4) , it seems that epiphyseal losses were by endocortical resorption.
These findings are in line with recent studies on bone losses from the hip and spine during spaceflight [55] and on tibial bone losses induced by experimental bed rest [28] . The endocortical layer has been described as a transitional zone with high bone turnover [56] , and indirect evidence suggests that this transitional zone responds most readily to un-loading [28] . It is perceivable that cortical thinning, which must result from the endocortical resorption, may increase the acute risk of fracture. In this context, it is worth mentioning that one of the participants of the Ctrl group attracted a bone burst when performing a jump test during early recovery. Moreover, evidence suggests that cortical thinning precedes osteoarthritis [57] , alluding to a possible role of musculoskeletal un-loading and re-loading in the emergence of osteoarthritis.
Interestingly, there seemed to be virtually no bone loss from the trabecular compartment during bed rest at all. Again, this is in line with the recent study by Rittweger et al. [28] , but it is in apparent contrast to the study by Lang et al. [55] , who do report equally large losses from the trabecular and from the cortical compartment in the Measurements were taken at baseline (BDC), on the 14th day after reambulation (R+14), and at 12-month follow-up (R+360), given as means and their SD in brackets. Hip data stem from both sides. n is the number of participants. P-values denote significance of changes from baseline. The only significant change was an increase in total hip BMC at R+360 in the RVE group. The reason for a lack of significant losses at R+14 may be a combination of smaller changes at the hip and spine as compared to the tibia, as well as a poorer reproducibility of the DXA measurements as compared to the pQCT technique (see Table 2 ).
spine and in the hip. Although those authors applied a slightly different technique (spiral CT vs. pQCT), it is possible that these apparent differences are due to some anatomically specific mechanisms. Such potential mechanisms may well be involved in the emergence of osteoporosis, given that the trabecular portions of the spine and the hip are primary target sites of osteoporotic fractures. Finally, bone losses in the diaphysis were comparatively small, although they were significant in the control group. No significant change was observed in cortical area or in the polar moment of resistance, suggesting that bone losses here were probably due to small increases in intra-cortical remodeling and endocortical resorption, which, however, both did not reach statistical significance on their own.
Recovery
Interestingly, there was an increase in calf muscle cross section by approximately 3% in the Ctrl group after 1 year (Table 4 ), but not in the RVE group, where values had just returned to baseline. Conversely, in the LTBR study, where training was insufficient to maintain calf muscle force in the training group, hypertrophy was observed in all groups, including the exercise intervention group, at 1-year follow-up [29] . It seems therefore that some sort of 'superrecovery' is inherent to the rehabilitation of muscle atrophy.
As to the recovery of bone, our data suggest complete recovery at tibia diaphysis and metaphysis after 12-month follow-up, but not at the tibia epiphysis. It should be appreciated that epiphyseal bone losses were greater than those at the other tibial sites, and it therefore is possible that rehabilitation of the tibia epiphysis just takes longer time [29] . However, a look at the lower panel of Fig. 4 suggests that all of the epiphyseal recovery was limited to the cortical portion, and that there was no tendency of recovery within the trabecular portion throughout the 12-month follow-up. These results may indicate that cortical bone is more affected by mechanical usage than trabecular bone, in line with a report by Hagino et al. [58] that trabecular bone in rat is more susceptible to hormonal than to mechanical stimuli. It should be also considered here that trabecular BMC in this study started to decline only after reambulation. As alluded to above, acute microdamage might have caused this abrupt change, leading to a loss of trabeculi which is thought to be non-restorable.
Finally, there is some indication that diaphyseal bone strength in the training group was not only recovered, but even augmented after 1-year follow-up (Table 5) . Inspection of the raw data suggests that this was a consistent finding within the training group, with gains in cortical BMC by up to 4.5% by the time of 12-month follow-up. Moreover, this surplus seemed to be gained on the periosteal surface. Potentially, this phenomenon could be explained with the principle of cellular accommodation [59] .
Limitations
When planning the study, we combined different exercise principles, hoping that in combination they would constitute an efficient countermeasure for preservation of muscle and bone. Because of this approach, we can identify neither the single contributions of vibration or resistance training nor the complementary effects of both training modes. However, this was not the scope of this study. Hence, whilst the present results show that, in principle exercise countermeasures are able to preserve muscle force and bone structure in bed rest, the question arises how these principle results can best be incorporated for training regimens on board the International space station (ISS). Resistive exercise regimens have shown some efficacy in the past [60] , and an improved resistive exercise has been recently made available on board the ISS. The outcome of this and/or future exercise equipment might provide different results. Very recent results from our own laboratory, however, demonstrate that vibration may have beneficial effects in itself (Felsenberg et al., unpublished data), and it is therefore well possible that vibration exercise might be considered for implementation in future space missions.
Results from the DXA measurements are difficult to interpret, mainly due to a considerable measurement variation (Table 3) . Although no significant effect was observed for the total hip measurements, data in Fig. 7 seem to suggest that the training was not fully effective at the hip, and that the neuromuscular test battery during bed rest might have had a protective effect on the right side. However, the abrupt changes in lumbar spine BMC depicted in the upper panel of Fig. 7 seem to be incompatible with true changes in bone mass and are more likely measurement artifacts, e.g., due to fluid shifts. Therefore, the question arises whether DXA is a viable technique to address bed rest-induced changes of the trunk.
As to the possible osteogenic effects of the knee extension assessment within our neuromuscular test battery, it is evident that it had no effect upon the tibia, except that BMC at the 66% tibia diaphysis in the Ctrl group seemed to respond slightly differently to bed rest (Fig. 2) , which, however, was not statistically significant. However, there is a genuine possibility that the test battery affected bone losses at the hip (see Fig. 7 ). Unfortunately, these effects did not achieve statistical significance, probably due to measurement variation of the DXA scans. On the other hand, it should be noted that no side difference was found for muscle CSA in the calf and in the thigh.
Finally, it could be argued that the recovery period was not controlled. However, controlling 20 participants for over a year would constitute a huge undertaking. Moreover, it would probably be unresourceful to do so, given that recovery was generally complete after 12 months even without control or intervention. 
Conclusion
In summary, this study has shown that the combination of sidealternating whole body vibration, resistive exercise, and rest-inserted explosive squats can effectively safeguard musculoskeletal of the distal tibia integrity during bed rest. The results of this study give further evidence to the idea that musculoskeletal forces are essential to the adaptation of bone strength.
